Iron is an essential micronutrient that acts as a cofactor in a wide variety of pivotal metabolic processes, such as the electron transport chain of respiration, photosynthesis and redox reactions, in plants. However, its overload exceeding the cellular capacity of iron binding and storage is potentially toxic to plant cells by causing oxidative stress and cell death. Consequently, plants have developed versatile mechanisms to maintain iron homoeostasis. Organismal iron content is tightly regulated at the steps of uptake, translocation and compartmentalization. Whereas iron uptake is fairly well understood at the cellular and organismal levels, intracellular and intercellular transport is only poorly understood. In the present study, we show that a MATE (multidrug and toxic compound extrusion) transporter, designated BCD1 (BUSH-AND-CHLOROTIC-DWARF 1), contributes to iron homoeostasis during stress responses and senescence in Arabidopsis. The BCD1 gene is induced by excessive iron, but repressed by iron deficiency. It is also induced by cellular and tissue damage occurring under osmotic stress. The activationtagged mutant bcd1-1D exhibits leaf chlorosis, a typical symptom of iron deficiency. The chlorotic lesion of the mutant was partially recovered by iron feeding. Whereas the bcd1-1D mutant accumulated a lower amount of iron, the iron level was elevated in the knockout mutant bcd1-1. The BCD1 protein is localized to the Golgi complex. We propose that the BCD1 transporter plays a role in sustaining iron homoeostasis by reallocating excess iron released from stress-induced cellular damage.
INTRODUCTION
In plants, the content of endogenous iron should be tightly regulated to supply sufficient amounts of this micronutrient while avoiding excess accumulation for optimal growth. Iron is an essential element for plant growth and development. It is required for various metabolic processes, such as chlorophyll biosynthesis, photosynthesis, respiration and redox reactions [1, 2] . Therefore, deficiency of iron leads to diverse developmental defects, including chlorosis, growth retardation and reduced crop productivity [2] .
Although iron is one of the most abundant elements on earth [3] , it forms insoluble ferric iron [Fe(III)] in an aerobic environment at neutral or basic pH [4] . Therefore, solubilization and uptake of iron from the soil is critical, and plants have evolved versatile biochemical mechanisms to deal with this difficulty. Dicots and non-graminaceous plants have developed an iron-uptake mechanism known as 'Strategy I'. In this strategy, plasma membrane-localized H + -ATPases release protons from the roots to acidify the rhizosphere, resulting in an increase in iron solubility. The ferric chelate reductase FRO2 (FERRIC REDUCTASE OXIDASE 2) reduces Fe(III) to the soluble Fe(II) form [5] . An iron transporter IRT1 (IRON-REGULATED TRANSPORTER 1), which belongs to the ZIP [ZRT (zincregulated transporter)/IRT-like protein] family, transports Fe(II) into root epidermal cells [6] [7] [8] . Expression of the FRO2 and IRT1 genes is transcriptionally regulated by a small set of bHLH (basic helix-loop-helix) transcription factors, FIT (Fe-REGULATED-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR), bHLH38 and bHLH39 [9] [10] [11] [12] [13] .
Grasses have employed a distinct mechanism, termed 'Strategy II', for iron uptake. These plant species release Fe(III)-specific chelators, called siderophores [1] . The solubilized Fe(III)-siderophore complexes are transported through a specific transport system in the root plasma membranes. The maize YS1 (YELLOW STRIPE 1) protein, a member of the OPT (oligopeptide transporter) family, has been identified as the transporter that mediates the uptake of the iron-siderophore complexes in response to iron deficiency [14, 15] .
However, excess accumulation of iron is potentially toxic to plant cells by catalysing the generation of ROS (reactive oxygen species) via the Fenton reaction [3] . Therefore proper maintenance of iron storage and distribution, which is achieved primarily by compartmentalization and translocation into specific cellular organelles and plant organs respectively [1, 16, 17] , is necessary for plant growth and survival. Vacuoles are an important cellular organelle for iron storage and sequestration [18, 19] . The VIT1 (VACUOLAR IRON TRANSPORTER 1) protein transports cellular iron into the vacuoles [19] . In contrast, two members of the NRAMP (natural resistance-associated macrophage protein) family, NRAMP3 and NRAMP4, export iron from the vacuoles [18] , supporting the central role of vacuoles in iron homoeostasis in plant cells. Chloroplasts and mitochondria are two major organelles that contain large amounts of iron [17] . For example, the chloroplasts contain approximately 80 % of total cellular iron in a typical leaf cell [20] . FERs (ferritins) act as iron-storage proteins in the organelles [21] [22] [23] . Through the co-ordinated actions of the transporters and storage proteins, iron homoeostasis is optimally maintained in plant cells.
Intercellular iron transporters also contribute to the maintenance of iron homoeostasis and iron distribution. The plasma membrane-localized FRD3 (FERRIC REDUCTASE DEFECTIVE 3) protein, a member of the MATE (multidrug and toxic compound extrusion) family, facilitates the transport of Fe(III)-citrate from the roots to the shoots [24] [25] [26] . Nicotianamine chelates both Fe(II) and Fe(III) and facilitates the intercellular transport through the phloem [27] . Some members of the YSL [YS (yellow stripe)-like] family have also been suggested to play a role in the intercellular transport of Fe(II)-nicotianamine complexes [28, 29] . It has been reported that mutations in the FRD3 or YSL genes induce chlorosis and hypersensitivity to iron deficiency [27, 29, 30] , indicating that iron distribution between different plant organs is essential for maintaining iron homoeostasis.
Iron homoeostasis is influenced by endogenous and exogenous signalling cues. The FER genes are regulated transcriptionally by the senescence process and environmental stress conditions [21, 31, 32] , showing that iron status is also dynamically fluctuated in response to developmental and environmental changes [21, 32] .
The iron transporter systems, including the MATE transporters, have been studied extensively in recent years in several plant species. The MATE proteins are widely conserved in all living organisms. They are involved in the efflux of small organic molecules and excretion of toxic compounds and xenobiotics [33] [34] [35] . The Arabidopsis genome encodes 58 MATE members [36] , and their biological functions have been studied in plant responses to diverse developmental and environmental stimuli. The MATE proteins characterized so far are localized to either the vacuolar membranes or plasma membranes, and are involved in intercellular and intracellular transport of secondary metabolites and xenobiotics via the H + exchange mechanism [37] . Their physiological roles include protection of plant cells from inhibitory compounds [38] , anthocyanin accumulation [39] [40] [41] , SA (salicylic acid) signalling [42] , aluminum tolerance [38, 43, 44] and heavy metal detoxification [35, 37] . In particular, they also play a role in maintaining iron homoeostasis [25, 26] , although the underlying regulatory mechanism remains to be elucidated.
In the present study, we found that a Golgi-localized MATE transporter BCD1 (BUSH-AND-CHLOROTIC-DWARF 1), which has previously been named as ZRIZI (ZRZ) and is involved in organ initiation [45] , also plays a role in maintaining iron homoeostasis under osmotic stress. The BCD1 gene is regulated by iron availability. It is also induced when cells are damaged by osmotic stress and senescence. The chlorotic leaves of the activation-tagged bcd1-1D mutant were rescued by iron feeding. Our results support the hypothesis that the BCD1 MATE transporter contributes to the maintenance of iron homoeostasis, possibly by secreting excess iron released from damaged leaf cells under adverse growth conditions.
EXPERIMENTAL

Plant materials and growth conditions
All Arabidopsis thaliana lines used were in the Columbia (Col-0) background. Plants were grown in a controlled culture room at 22
• C with a relative humidity of 55 % under long-day conditions (16 h light/8 h dark) with white light illumination (120 μmol of photons/m 2 per s) provided by fluorescent FLR40D/A tubes (Osram). The bcd1-1 mutant (SALK-067667) was isolated from a T-DNA (transferred DNA) insertional mutant pool deposited into the ABRC (Arabidopsis Biological Resource Center, Ohio State University, Columbus, OH, U.S.A.). Homozygotic lines were obtained by herbicide selection for three or more generations and analysis of segregation ratios.
The bcd1-1D mutant was isolated from an activation-tagging mutant pool that was generated by transforming Col-0 plants with the activation-tagging vector pSKI015 [46] . Collected T 1 seeds were sown in soil, and a Finale solution (AgrEvo), which contains 5.78 % Basta, was diluted 1000 times with deionized water and sprayed twice a week. Among the herbicide-resistant transformants, a morphogenic mutant (bcd1-1D) that showed dwarfed growth with reduced apical dominance and pale green leaves was chosen for analysis. Homozygotic T 3 mutant seeds that have a single T-DNA insertional event were used in further studies.
To produce transgenic plants overexpressing the BCD1 gene, a full-size cDNA was subcloned into the binary pB2GW7 vector under the control of the CaMV (cauliflower mosaic virus) 35S promoter (Invitrogen). Agrobacterium-mediated Arabidopsis transformation was performed according to a modified floral dip method [47] .
Treatments with growth hormones and abiotic stresses
Plants (2 weeks old) grown on 1/2 × MS (Murashige and Skoog; Duchefa) agar plates were transferred to MS liquid cultures supplemented with various growth hormones. ABA (abscisic acid), IAA (indole-3-acetic acid), GA (gibberellic acid), ACC (1-aminocyclopropane-1-carboxylic acid), PAC (paclobutrazol) and BL (brassinolide) were used at a final concentration of 20 μM. SA was used at a final concentration of 100 μM.
For the assays on the effects of drought on gene expression, 2-week-old plants grown on MS agar plates were placed on a dry 3MM paper (Whatman) at room temperature (23) (24) (25) • C) for the indicated time periods. To examine the effects of high salinity on gene expression, 2-week-old plants grown on MS agar plates were soaked in MS liquid cultures containing 150 mM NaCl and incubated under constant light for the indicated time periods. To examine the effects of osmotic stress on gene expression, 2-week-old plants were transferred to MS liquid cultures containing 150 mM mannitol or 150 mM sorbitol (Sigma) and incubated for the indicated time periods.
Analysis of transcript levels
qRT-PCR [quantitative real-time RT (reverse transcription)-PCR] was employed to measure gene transcript levels. Preparation of total RNA samples and RT-PCR were carried out on the basis of the rules that have previously been proposed to ensure reproducible and accurate measurements of gene transcript levels [48] . Extraction of total RNA samples from appropriate plant materials and RT-PCR conditions have been described previously [49] . Total RNA samples pretreated extensively with an RNase-free DNase were used for RT by SuperScript II reverse transcriptase (Invitrogen) in a 20 μl reaction volume.
qRT-PCR was carried out in 96-well blocks with an Applied Biosystems 7500 Real-Time PCR System using the SYBR Green I master mix in a volume of 25 μl. A 1 μl volume (20-100 ng) of cDNA was used as a template for individual qRT-PCR runs. The PCR primers were designed using the Applied Biosystems Primer Express ® software and are listed in Supplementary Table  S1 at http://www.BiochemJ.org/bj/442/bj4420551add.htm. The two-step thermal cycling profile used was 15 s at 94
• C and 1 min at 68
• C. An eIF4A (eukaryotic initiation factor 4A) gene (At3g13920) was included in the assays as an internal control for normalizing the variations in cDNA amounts used [50] . All of the qRT-PCRs were carried out in biological triplicates using total RNA samples extracted from three independent plant materials grown under identical conditions. The comparative C T method was used to evaluate the relative quantities of each amplified product in the samples. The C T (threshold cycle) was automatically determined for each reaction by the system set with default parameters. The specificity of the PCRs was determined by melt curve analysis of the amplified products using the standard method installed in the system.
Escherichia coli complementation assays
The E. coli acrB mutant strain was obtained from the NBRP (National BioResource Project, National Institute of Genetics, Mishima, Japan). This mutant is sensitive to many drugs, since the AcrAB system is non-functional. For complementation assays, the Arabidopsis BCD1 gene was subcloned into the pET21c expression vector, and the construct was transformed into wildtype E. coli cells (BW25113) and the acrB mutant cells. Transformants were selected on LB (Luria-Bertani) agar plates containing 100 μg/ml ampicillin. The transformants were grown in LB liquid medium containing ampicillin and 1 mM IPTG (isopropyl-β-D-thiogalactopyranoside) for induction of BCD1 gene expression. The cell cultures were diluted to a 10-fold gradient series and spotted on to LB-ampicillin plates containing different concentrations of TBA (tetrabutyl ammonium). Cell growth was also determined by measuring the attenuance at 600 nm of liquid cultures grown at 37
• C for 24 h.
Histological assays
The primers used for subcloning of the BCD1 gene promoter were BCD1-GUS-F (5 -AAAAAGCAGGCTTTAG-AATTGGTTAATTTGCGAT-3 ) and BCD1-GUS-R (5 -AGA-AAGCTGGGTGATTCTTAAGAGGAGTAAAC-3 ) (GUS is β-glucuronidase). The genomic PCR product was subcloned into the pHGWFS7 vector (Invitrogen), and the expression construct was transformed into Col-0 plants. For histochemical analysis of GUS activities, appropriate plant materials were incubated in 90 % acetone for 20 min on ice, washed twice with rinsing solution [50 mM sodium phosphate, pH 7.2, 0.5 mM K 3 Fe(CN) 6 and 0.5 mM K 4 Fe(CN) 6 ], and subsequently incubated at 37
• C for 18-24 h in rinsing solution containing 2 mM X-Gluc (5-bromo-4-chloro-3-indolyl-β-D-glucuronide; Duchefa). The plant samples were then incubated in a series of ethanol solutions ranging from 15 % to 80 % in order to remove chlorophylls from plant tissues. The plant samples were mounted on glass microscope slides and visualized using a Nikon SMZ 800 microscope (Nikon).
Measurements of chlorophyll content
Measurements of chlorophyll content were carried out as described previously [51] . Chlorophylls were extracted with DMF (N,N-dimethylformamide), and the extracted solution was incubated at 4
• C for 2 h in complete darkness. Chlorophyll contents were assayed by measuring the absorbance at 652 nm, 665 nm and 750 nm using a diode array spectrophotometer (WPA Biowave).
Iron treatments
Iron-sufficient media were standard half-strength MS media that were supplemented with 0.05 % Mes, 1 % sucrose and 50 μM Fe-EDTA substituted for iron sulfate [52] . Agar (1 %) was included to prepare agar medium plates. Iron-deficient media were prepared by including 300 μM ferrozine substituted for iron sulfate. For treatments with excessive iron, 400 μM FeSO 4 was added to fresh liquid medium, as described previously [53] . Ferric chelate reductase assays were performed as described previously [54] .
Perls iron staining
Perls iron staining of plant materials was carried out to determine localization and intensity of Fe 3 + in plant tissues, as described previously [52] . Briefly, 2-week-old Arabidopsis seedlings grown on iron-sufficient agar plates or detached leaves were thoroughly rinsed in deionized water before Perls iron staining. Equal amounts of 4 % (v/v) HCl and 4 % (w/v) potassium ferrocyanide were mixed immediately prior to use. Plant materials were then vacuum-infiltrated with the mixture for 30 min. The plant materials were subsequently incubated for 30 min in Perls staining solution. After rinsing three times with deionized water, they were observed using a Nikon SMZ 800 microscope.
Measurement of iron content
Approximately 300 plants grown on iron-sufficient agar plates for 3 weeks were washed for 10 min with washing solution (2 mM CaSO 4 and 10 mM EDTA) and rinsed for 10 min with deionized water. Iron contents were assayed at NICEM (National Instrumentation Center for Environmental Management, Seoul National University, Seoul, Korea) using a magnetic sector ICP-MS (inductively coupled plasma mass spectrometer; Varian 820-MS).
Subcellular localization assays
An RFP (red fluorescent protein)-coding sequence was fused in-frame to the 5 end of the BCD1 gene, and the gene fusion was subcloned into the p326-RFP vector [55] . The fusion construct was transformed into Arabidopsis protoplasts prepared from leaf mesophyll cells by a PEG-mediated transformation method [56] . The subcellular distribution of red fluorescence was visualized by DIC (differential interference contrast) microscopy and fluorescence microscopy.
Accession numbers
Sequence data from the present study article can be obtained from the Arabidopsis Genome Initiative databases under the following accession numbers:
, TT12 (TRANSPARENT TESTA 12; At3g59030) and VIT1 (At2g01770).
RESULTS
bcd1-1D mutant exhibits stunted growth and leaf chlorosis
We isolated a morphogenic mutant from screening of an Arabidopsis activation-tagged mutant pool generated by randomly integrating the CaMV 35S enhancer element into the genome of ecotype Col-0 ( Figure 1A ). The mutant, designated bcd1-1D, exhibited stunted growth with reduced apical dominance and pale green leaves. The plant height of the bcd1-1D mutant was reduced approximately 2-fold in comparison with that of Col-0 plants ( Figure 1B ). The length of siliques was also significantly shorter in the mutant ( Figure 1C) . Notably, the mutant leaves were smaller and pale green ( Figure 1D ). It was found that the chlorophyll content was reduced by approximately 40 % in the mutant (Figure 1E ), suggesting that the pale green colour of the mutant leaves is caused by reduction in chlorophyll content.
Mapping the T-DNA insertional sites by a three-step TAIL (thermal asymmetric interlaced)-PCR [57] and gene expression analysis revealed that the At1g58340 gene was activated by the nearby insertion of the 35S enhancer element in the bcd1-1D mutant (Figures 1F and 1G ; see also Supplementary Figure  S1 at http://www.BiochemJ.org/bj/442/bj4420551add.htm). The tagged At1g58340 gene has recently been named ZRZ/ZF14 [45] . However, we decided to designate it BCD1 to depict more precisely the phenotypes of the bcd1-1D mutant. Transgenic plants overexpressing the BCD1 gene under the control of the CaMV 35S promoter recapitulated the phenotypes of the bcd1-1D mutant ( Figure 1A ). At least seven independent transgenic lines were obtained from Col-0 transformation, all of which exhibited identical phenotypes. We therefore concluded that overexpression of the BCD1 gene is the molecular cause of the bcd1-1D mutant phenotypes.
The T-DNA insertional knockout bcd1-1 mutant did not show any visible phenotypes. However, the plant height and silique length were slightly but reproducibly larger in the bcd1-1 mutant than in Col-0 plants ( Figures 1B and 1C ). In addition, the chlorophyll content was discernibly elevated in the bcd1-1 mutant ( Figure 1E ), which is in contrast with the reduced chlorophyll content in the BCD1-overexpressing bcd1-1D mutant. These observations further support that the BCD1 gene is associated with the bcd1-1D mutant phenotypes. It was also implicated that the BCD1 gene might underlie the chlorotic process observed in the bcd1-1D mutant leaves.
BCD1 is a member of the MATE family
Database analysis revealed that the BCD1 gene encodes a membrane protein with 12 potential α-helical transmembrane domains (Figures 2A and 2B ). Sequence analysis of the encoded protein showed that the BCD1 protein is highly homologous with other known MATE proteins (see Supplementary Figure S2 at http://www.BiochemJ.org/bj/442/bj4420551add.htm) [26, 35] , such as ALF5 [38] , DTX1 [35] and TT12 [39, 40] , showing that it belongs to the MATE transporter family [35] with its N-terminus towards the cytoplasmic side ( Figure 2B ).
To search for the functional nature of the BCD1 protein, we expressed the BCD1 gene in an Escherichia coli mutant acrB, which lacks the multidrug efflux carrier AcrB system [58] . The transformed E. coli cells were grown in the presence or absence of TBA, which is toxic to E. coli cells, but is excreted by the AcrAB complex [59] . The acrB mutant cells did not grow on LB medium containing 400 mg/ml TBA ( Figure 2C ). In contrast, the BCD1-expressing acrB cells were able to continue their growth under the same toxic conditions, indicating that the BCD1 protein potentially acts as a MATE protein in Arabidopsis. Transcript levels were determined by qRT-PCR using RNA samples extracted from 2-week-old whole plants grown on MS agar plates. Biological triplicates were averaged and statistically treated using a Student's t test (*P < 0.01). Error bars indicate S.E.M. The y-axis is presented on a logarithmic scale for better comparison of fold changes.
BCD1 is induced by dark and abiotic stress
To obtain clues as to the physiological role played by the BCD1 protein, we investigated the effects of various growth hormones and environmental stress conditions on BCD1 gene expression. Gene expression analyses by qRT-PCR showed that the BCD1 gene is induced more than 6-fold in darkness ( Figure 3A) . The BCD1 gene was also induced by osmotic stresses, such as high salinity and drought, as well as by mannitol and sorbitol, which impose osmotic stress on plants [60] . These results suggest that the BCD1 gene is involved in plant responses to osmotic stress.
We also examined the effects of several stress hormones on the expression of the BCD1 gene. The BCD1 gene was induced most strongly by ABA ( Figure 3B and Supplementary Figure S3A at http://www.BiochemJ.org/bj/442/bj4420551add.htm), which is a primary growth hormone that mediates diverse aspects of plant responses to abiotic stress [61] . It was also induced moderately by IAA ( Figure 3B and Supplementary Figure S3B) . However, the BCD1 gene was not influenced significantly by GA, PAC, ACC, BL or SA ( Figure 3B ). These observations support the role of the BCD1 gene in ABA-mediated stress responses in plants.
BCD1 function is related to chlorosis
The bcd1-1D mutant had pale green leaves. It was found that the chlorophyll content was significantly reduced in the mutant leaves ( Figures 1D and 1E) . We also observed that the BCD1 gene is induced by dark treatments and osmotic stresses, which are known to accelerate leaf senescence [49, 62, 63] . We therefore hypothesized that the BCD1 gene might be related to leaf senescence.
To examine this hypothesis, we analysed the temporal expression patterns of the BCD1 gene. qRT-PCR using total RNA samples extracted from different plant developmental stages showed that the transcript levels of the BCD1 gene were gradually elevated as plants grew, reaching a plateau in later growth stages, when senescence symptoms are apparent ( Figure 4A ). For comparison, we also included a senescence marker gene SAG12 encoding a cysteine protease [64] in the gene expression assays. The temporal expression pattern of the BCD1 gene exhibited expression kinetics similar to that of the SAG12 gene. In addition, the SAG12 gene was induced more rapidly in the bcd1-1D mutant that exhibits accelerated senescence, but slowly in the bcd1-1 mutant that exhibits delayed senescence, compared with what is observed in Col-0 plants ( Figure 4B ; see also Figures 1A and 1D) , suggesting that the BCD1 gene may be related to leaf senescence.
To further investigate the potential involvement of the BCD1 gene in leaf senescence, we measured the temporal content of chlorophylls throughout the plant growth stages in Col-0 plants, and bcd1-1D and bcd1-1 mutants. It was observed that the chlorophyll content was higher in the bcd1-1 mutant and lower in the bcd1-1D mutant compared with that in Col-0 plants throughout plant growth stages ( Figure 4C ). Taken together, our observations support that the bcd1-1D phenotypes exhibiting chlorosis are associated with premature leaf senescence.
Expression of the BCD1 gene is regulated by iron availability
Chlorosis is a representative symptom of iron deficiency in plants. The BCD1 gene is induced by osmotic stress and senescence, which is intimately linked with chlorosis caused by cellular damages [65] . Therefore a plausible hypothesis would be that the BCD1 protein might be related with iron transport in maintaining iron homoeostasis under stress conditions.
To examine the possibility of the involvement of the BCD1 protein in iron homoeostasis, we first examined whether the expression of the BCD1 gene is influenced by ironexcessive and -deficient conditions. qRT-PCR assays revealed that the BCD1 gene was induced approximately 13-fold in the shoots when exposed to excess iron ( Figure 5A ). In addition, the BCD1 expression was regulated by iron content in a dosage-dependent manner (see Supplementary Figure S4 at http://www.BiochemJ.org/bj/442/bj4420551add.htm). Notably, the inductive effects were iron-specific. Magnesium did not affect the expression of the BCD1 gene ( Figure 5A ). The BCD1 gene was more highly expressed in the roots than in the shoots, and it was induced only slightly in the roots by excess iron ( Figure 5A ), suggesting that the induction of the BCD1 gene by excess iron is physiologically more important in the shoots.
To examine the effects of iron deficiency on BCD1 gene expression, plants were exposed to 300 μM ferrozine, which is a potent iron chelator [52] . The results showed that iron deficiency suppressed the BCD1 gene expression primarily in the roots ( Figure 5B ). These observations suggest that the BCD1 gene is regulated by iron availability.
To further examine the effects of iron availability on BCD1 gene expression, a promoter sequence covering an approximately 2 kb sequence region upstream of the transcription start site of the BCD1 gene was fused transcriptionally to a GUS-coding sequence, and the construct was transformed into Col-0 plants. Histochemical assays showed that GUS activity was relatively low in plants grown under normal growth conditions ( Figure 5C ). In contrast, excessive iron elevated the GUS activities in the vascular tissues of the leaves and roots. In the leaves, the elevation of GUS activity was most prominent in the hydathode, a specialized secretory gland that secretes water containing salts and metals. It was also detected in the root tip regions, which is also supported by the public microarray data available in the GENEVESTIGATOR database (http://www.genevestigator.com/gv/). However, it was reduced significantly in the leaves and roots when plants were treated with the iron chelator ferrozine (Figures 5D and 5E ). This observation is also consistent with the suppressive effects of ferrozine on BCD1 gene expression ( Figure 5B ). These data confirm that the BCD1 gene is regulated transcriptionally by iron availability.
It was also envisaged that induction of the BCD1 gene by osmotic stress might be associated with iron concentrations in cells and thus BCD1 might play a role in iron transport when excessive iron is released into the cytosol in cells damaged by osmotic stress and senescence. Consistent with this prediction, the BCD1 gene was synergistically induced by ABA and iron (see Supplementary Figure S5 at http://www.BiochemJ.org/ bj/442/bj4420551add.htm). In contrast, ABA induction of the BCD1 expression was suppressed by ferrozine treatment, further supporting the role of BCD1 in iron homoeostasis under stress conditions.
Iron content is lower in the bcd1-1D mutant
The transcriptional regulation of the BCD1 gene by iron availability suggested that the BCD1 protein plays a role in regulating iron distribution in plants. We first measured the iron content in the bcd1-1D and bcd1-1 mutants by employing the Perls iron-staining method [52] . Perls staining assays revealed that whereas ferric iron was detected at a lower level in the leaves and primary roots of the bcd1-1D mutant, it was detected at a higher level in the same tissues of the bcd1-1 mutant (Figures 6A  and 6B ).
In the leaves, ferric iron was detected mainly in the leaf tip area in Col-0 plants. Notably, the stained area was maintained but the intensity was elevated in the bcd1-1 mutant leaves ( Figure 6A ). These observations suggest that the BCD1 gene is functional in the area, where chlorosis initiates under osmotic stress [66] . A similar pattern was also observed in the roots: whereas the stained area was maintained, the intensity was lower in the bcd1-1D roots but higher in the bcd1-1 roots ( Figure 6B) . Moreover, Whole plants (3 weeks old) grown on iron-sufficient agar plates were harvested for the measurements of iron contents. A value of 1 is equivalent to 90 p.p.m. Biological triplicates were averaged and statistically treated using a Student's t test (*P < 0.01). Error bars indicate S.E.M. (D) Fe(III) chelate reductase activity assays. Plants (2 weeks old) grown on iron-sufficient agar medium plates were shifted to either iron-sufficient or iron-deficient agar medium plates for 3 days. Root samples were used for the assays. Biological triplicates were averaged and statistically treated using a Student's t test (*P < 0.01). Error bars indicate S.E.M. (E) Transcript levels of iron transporter and homoeostasis genes in bcd1-1D and bcd1-1 mutants. Transcript levels were determined by qRT-PCR using RNA samples extracted from the shoots of 2-week-old plants grown on iron-sufficient agar plates. Biological triplicates were averaged and statistically treated using a Student's t test (*P < 0.01). Error bars indicate S.E.M. direct measurements of the iron content also showed that the iron concentration was lower in the bcd1-1D mutant but higher in the bcd1-1 mutant ( Figure 6C ). It was therefore concluded that the BCD1 protein functions in modulating iron redistribution in plants, possibly by excreting excess iron from damaged plant cells under stress conditions (see the Discussion).
Fe(III) chelate reductase activity, which reflects iron availability in plants, is induced under iron-limiting conditions [26] . We found that the Fe(III) chelate reductase activity is elevated in the bcd1-1D mutant but reduced in the bcd1-1 mutant when they were grown under iron-sufficient conditions ( Figure 6D ), which is certainly related to alterations of iron contents in the mutant plants.
To further investigate molecular mechanisms underlying the BCD1 regulation of iron homoeostasis, we analysed the expression of genes involved in iron transport and metabolism, such as FIT, FRO2, IRT1, PYE (POPEYE), VIT1 and PIC1, in the mutant plants. Among the genes examined, the FRO2 and PYE genes, which are induced under iron-deficient conditions to maintain iron homoeostasis [5, 52] , were up-regulated in the bcd1-1D mutant ( Figure 6E ). The transcript level of the IRT1 gene was also elevated slightly but reproducibly in the mutant (see Supplementary Figure S6 at http://www.BiochemJ.org/bj/ 442/bj4420551add.htm). In contrast, expression of FIT1 and genes encoding organelle-localized proteins was not influenced in the mutant.
Our results suggested that the chlorotic appearance of the bcd1-1D mutant is caused by reduced iron content. We examined whether the bcd1-1D mutant phenotypes are recovered by exogenous iron feeding. The bcd1-1D and bcd1-1 mutant plants were grown in soil either with or without iron complementation, and the overall growth appearance and leaf morphology were compared with those of Col-0 plants grown under identical conditions. Overall plant growth and morphologies of the bcd1-1D and bcd1-1 mutants were not influenced by iron feeding ( Figure 7A ). However, the chlorotic phenotype of the bcd1-1D mutant leaves was markedly recovered by iron feeding ( Figure 7A ). Whereas the rosette leaves of the bcd1-1D mutant exhibited chlorosis under normal growth conditions, it was efficiently rescued by iron feeding ( Figure 7B ).
We next examined whether the rescuing effect was specific to iron. The bcd1-1D mutant was fed with either FeSO 4 or MgSO 4 under the assay conditions described above. The leaf chlorosis of the mutant was not rescued by magnesium feeding (Figure 7C ), unlike the effects of iron ( Figure 7B ). These observations confirm that the chlorotic phenotype of the bcd1-1D mutant leaves is due to iron deficiency.
BCD1 protein is localized to the Golgi complex
The plant MATE proteins characterized so far are localized to either the vacuolar membranes or plasma membranes, which are two primary sites for iron uptake and sequestration [17] . To examine where the BCD1 protein is localized in plant cells, an RFP-coding sequence was fused in-frame to the 5 end of the BCD1 gene, and the RFP-BCD1 fusion construct was expressed transiently in Arabidopsis protoplasts. Fluorescence confocal microscopy showed that RFP signals were widely distributed in a granular pattern in the cytoplasm ( Figure 8A ).
We therefore employed several GFP (green fluorescent protein)-tagged organelle-specific markers to determine precisely the subcellular distribution of the BCD1 protein. Each of the GFP-tagged markers and RFP-BCD1 fusion construct were coexpressed in Arabidopsis protoplasts. It was found that the distribution pattern of the RFP-BCD1 fusion did not overlap with those of the peroxisomal and mitochondrial markers ( Figures 8A  and 8B ). In contrast, the RFP signals strikingly overlapped with the GFP signals from the Golgi-specific marker ( Figure 8C) , showing that the BCD1 protein is localized in the Golgi complex.
Taken altogether, our observations support that the BCD1 MATE protein is associated with excretion of excess iron, which would be produced in chlorotic cells under osmotic stress conditions and senescing leaf cells.
DISCUSSION
Iron homoeostasis and abiotic stress
Plants possess a wide array of homoeostatic mechanisms to maintain appropriate levels of intracellular and intercellular iron, reflecting the physiological significance of iron homoeostasis in diverse plant growth and developmental process and responses to environmental stresses [17, 21, 32] . A number of iron transporters and reductases have been identified, and their roles in iron uptake, intracellular sequestration and intercellular transport have been characterized in many plant species [1, 17] . These transporters and enzymes play a central role in iron redistribution upon stimulation by developmental and environmental cues. Iron redistribution is particularly important in damaged cells exposed to osmotic stress and senescing leaf cells. The recycling of iron certainly contributes to plant fitness and energy conservation in nature, where the amount of soluble iron is limited [17, 67] .
In the present study, we demonstrated that the BCD1 protein, which has 12 transmembrane domains and high sequence homology with plant MATE transporters, plays a role in iron homoeostasis and, perhaps, transport of excess iron released from leaf cells damaged by osmotic stresses or senescence.
It has been comprehensively documented that senescenceassociated nutrient mobilization is an active process that helps plants adapt to abrupt environmental changes and achieve reproductive success [68] . More than 40 % of major nutrients in the leaves is redistributed during senescence [68] , necessitating that nutrient recycling and reallocation should be tightly controlled [67, 68] . Iron redistribution is a particularly important cellular process. Chloroplasts contain approximately 80 % of iron present in the leaves [69, 70] . It has been found that the transcripts of the ferritin genes accumulate to an extremely high level during leaf senescence [21] . Consistent with the role of ferritin as an effective storage of intracellular iron, the loss-of-function fer1-2 mutants exhibit an early onset of senescence. In addition, a number of iron transporters would also be involved in the reallocation of nutrients in the senescence processes. For example, the YSL1 and YSL3 transporters have been implicated in the mobilization of transition metals from older leaves in Arabidopsis [30] . Therefore it seems that the differential progression of senescence in the bcd1-1D and bcd1-1 mutants would be due to disturbance in iron homoeostasis.
Abiotic stress profoundly affects iron homoeostasis. The ferritin genes are induced by oxidative stress, wounding and pathogen attacks through stress hormone signalling cascades mediated by ABA and SA [31, [71] [72] [73] . The root system is a main target that is influenced at the first step by abiotic stress and iron deficiency. It has been shown that inhibition of root growth by cytokinin, osmotic stress and ABA suppresses the iron-deficiency response [74] , indicating that root growth regulation is closely linked with the iron-uptake response. However, little is known about how iron redistribution is regulated and what molecular events are involved in the leaves that are exposed to disrupted iron redistribution.
We found that the BCD1 gene is regulated by iron availability in addition to osmotic stress and senescence. Whereas the BCD1 gene is induced by exposure to excessive iron, it is suppressed by iron deficiency. Of particular interest is that excess iron induces the BCD1 gene in the vascular tissues of the leaves, particularly in the hydathodes through which water containing salts and metals is secreted, supporting the notion that the BCD1 transporter is possibly involved in intercellular iron transport and/or excretion. The bcd1-1D mutant exhibits leaf chlorosis, certainly due to reduced iron content. The reduced iron content in the bcd1-1D mutant is likely to be due to ectopic expression of the BCD1 gene and thus excess excretion of iron to the outside plant tissues. It is likely that the BCD1 protein plays a more important role under iron-excessive conditions by exporting toxic iron from the cytoplasm. The fact that the BCD1 gene is induced during senescence and in response to osmotic stress, when excess iron is released, suggest that the BCD1 protein redistributes or evacuates excess iron released from damaged cells.
Is BCD1 an iron transporter?
Prokaryotic MATE proteins efflux antibiotics, such as kanamycin, streptomycin and norfloxacin, and toxic small organic molecules, including ethidium bromide [34] . Plant MATE proteins are also involved in the transport of small organic molecules, such as tetramethylammonium [38] , flavonoids [39] , SA [42] , plantderived alkaloids, antibiotics and other toxic compounds [35] .
The FRD3 MATE protein plays a role in iron homoeostasis [26] . Disruption of the FRD3 gene leads to activation of the iron-deficiency response, and excessive iron accumulates in the mutant. It has been reported that the FRD3 protein mediates iron translocation from the roots to the shoots by loading citrate into the xylem [25] . Fe(III)-citrate is a major form of iron transport, which is thought to be involved in long-distance iron transport [25] .
Our results suggest that the BCD1 protein contributes to iron homoeostasis, on the basis of the following observations. It has a structural characteristic of the MATE transporters and is regulated by iron availability, mainly in the vascular tissues. Furthermore, iron content is reduced in the bcd1-1D mutant that exhibits chlorosis, but the chlorotic leaves are rescued by exogenous iron feeding. We also found that the BCD1 protein is localized in the Golgi complex. The Golgi complex is a subcellular site where macromolecules are modified, sorted and packaged for delivery to their destinations. In particular, it also plays a role in detoxifying and secreting toxic compounds. The BCD1 transporter may function in transporting iron with its chelators, such as nicotianamine and citrate, via the Golgi-associated intercellular transport and maintain proper concentration of iron in the cytoplasm of stress-damaged cells and senescing cells.
Considering the necessity of functional diversity and specificity for iron transport in plant cells, it is envisioned that there would be multiple iron transporters or facilitators in plants. At least some of the iron transporters may be MATE members in addition the BCD1 protein. Assuming that multiple MATE proteins act as iron transporters, both high-and low-affinity systems would be required for maintenance of iron homoeostasis, which can be achieved by balanced iron uptake, transport and secretion [16] . In addition, diverse cellular and organellar transporters would be necessary to ensure iron redistribution and homoeostasis. Furthermore, specific developmental and/or environmental responses would add additional complexity in the putative network of iron transport systems in plant cells. It will be interesting to screen the MATE proteins to see whether there are any functional homologues of the BCD1 protein in Arabidopsis.
It has recently been reported that the BCD1 protein is associated with the membranes of small organelles [45] . It has been suggested that the BCD1 protein determines the rate of organ initiation by modulating unidentified leaf-borne signals. The previous observation may be related to the reduced apical dominance and production of more leaves from the shoot apical meristem observed in the bcd1-1D mutant. Our results show that the alterations in organ initiation that have been observed in the previous work may be indirect effects of iron deficiency because of overexpression of the BCD1 gene. It is also possible that the BCD1 transporter may also mediate intercellular transport of as yet unidentified materials other than iron chelators, which would be required for organogenesis. Anatomical studies on the shoot apical meristem and leaf primordia of the bcd1-1D and bcd1-1 mutants in the presence or absence of exogenous iron may help to clarify the uncertainty.
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Figure S3 Effects of growth hormones on BCD1 gene expression
Transcript levels were determined as described in Figure S1 . Plants (2 weeks old) grown on MS agar plates were transferred to MS liquid cultures containing various concentrations of ABA (A) and IAA (B) and were incubated for 6 h. Whole plants were used for extraction of total RNA. Error bars indicate S.E.M.
Figure S4 Effects of various concentrations of iron on BCD1 gene expression
Transcript levels were determined as described in Figure S1 . Plants (2 weeks old) grown on iron-sufficient agar medium plates were transferred to liquid medium cultures containing various concentrations of FeSO 4 and were incubated for 24 h. Whole plants were used for extraction of total RNA. Error bars indicate S.E.M.
Figure S5 Effects of ABA and iron on BCD1 gene expression
Transcript levels were determined as described in Figure S1 . Plants (2 weeks old) grown on iron-sufficient agar medium plates were transferred to liquid medium cultures containing 20 μM ABA, 300 μM ferrozine and/or 400 μM FeSO 4 and were incubated for 6 h. Whole plants were used for extraction of total RNA. Statistical significance of the measurements was determined using a Student's t test (*P < 0.01). Error bars indicate S.E.M. 
